We studied the adsorption of three flavonoids on polytetrafluoroethylene (PTFE) film. The PTFE film was first treated with sodium naphthalene solution to improve the hydrophilicity of its surface and then modified by coating with dopamine using a simple self-assembly approach. The PTFE film thus prepared was used for adsorption of three flavonoids, namely, quercetin, kaempferol and luteolin. The adsorption capacity of the treated PTFE film that was not further modified by dopamine was also evaluated. The characteristics of the two materials (coated and non-coated) were studied using X-ray photoelectron spectroscopy, scanning electron microscopy and Fourier transform-infrared spectroscopy. The difference in adsorption capacity between the two materials was mainly due to the different functional groups introduced in these materials, which show difference in their ability to form hydrogen bond with the analytes. The number of hydroxyl groups in the analytes and the ability of the analytes to form intramolecular hydrogen bond are the two factors that affect the adsorption capacity of the adsorbates.
INTRODUCTION
Polytetrafluoroethylene (PTFE) is a well-known polymer with high chemical resistance, excellent electrical insulation, good mechanical strength and low dynamic friction coefficient. It has been widely used in many fields, such as chemical industry, medicine and mechanical industry (Drobny 2007; Xi et al. 2008) . However, PTFE is highly hydrophobic and chemically inert, and thus, it cannot adsorb most materials, which limits its application in some areas. Many methods have been explored to modify the hydrophobic property of PTFE such as radiation grafting (Qiu et al. 2007 ), plasma treatment ), magnetron sputtering (Liu et al. 2002) and sodium naphthalene treatment (Arjula and Harsha 2006) . Of all these methods, plasma treatment and sodium naphthalene treatment are the most popular ones. Plasma treatment needs expensive equipment and tough conditions, whereas sodium naphthalene treatment is of low cost and quite simple. Some polar groups can be introduced in PTFE through surface-modification treatment, which results in higher surface energy and better wettability. As a result, the application of PTFE is significantly extended (Tang et al. 2007 ). According to Bi et al. (2009) , PTFE surface can be hydrophilically pre-treated with sodium naphthalene solution to improve its combination with sulphonated poly(ether ether ketone) polymer. It has been reported that the sodium naphthalene treatment enhanced the surface energy and polarity of PTFE and facilitated the breakdown of agglomerates, leading to a uniform dispersion of treated PTFE and improved interaction with polyamide 66 (Shojaei and Gholamalipour 2011) . In a previous study, to impart PTFE with celladhesion properties, Gabriel et al. (2011) treated PTFE with sodium naphthalene solution initially. This provided the basis for the subsequent immobilization of the adhesion-promoting RGDpeptide (arginine-glycine-aspartic acid) using a cross-linker. Excellent cell growth was reported on the modified surfaces. Dopamine is an important hormone and catecholamine neurotransmitter in the mammalian central nervous system. Inspired by the composition of adhesive proteins in mussels, developed a novel surface-modification method through the selfpolymerization of dopamine in a weak alkaline solution. The polydopamine layer can strongly adhere to a wide range of inorganic and organic materials, including noble metals, oxides, polymers, semiconductors and ceramics. This method is simple, versatile and effective, and has been widely applied in various domains (Jia et al. 2012; Ogaki et al. 2012; Tsai et al. 2011) . In a previous study by Zeng et al. (2010) , a simple permanent antifouling polyethylene glycolimmobilized capillary was prepared for the separation of proteins by capillary electrophoresis. You et al. (2011) used dopamine-conjugated heparin to coat the surface of a poly(urethane) substrate to prepare a new material, which exhibited a significant reduction in platelet adhesion and blood coagulation. According to Zhang et al. (2011) the hydrophilicity of PTFE micropowders was achieved by modifying the surface with thin polydopamine layer. The modified PTFE powders exhibited good anti-wear and friction-reduction properties. Liu et al. (2012) pointed out that most of the applications mainly focused on the use of functional molecules grafted through chemical bonds with dopamine as an intermediate. They used polydopaminecoated nano-PTFE as a packing material for solid-phase extraction due to the adhesion of dopamine onto some substrates through intermolecular interactions. Because the functional groups of dopamine are hydrophilic, it can be speculated that dopamine is more inclined to adhere on a hydrophilic surface than on a hydrophobic surface. In this study, PTFE film was first treated with sodium naphthalene solution (etching) to improve its surface hydrophilicity and then immersed into dopamine solution to form a polydopamine coating on the surface. The material prepared in this way was used to adsorb three flavonoid compounds (quercetin, kaempferol and luteolin). The etched PTFE film that was not further modified by dopamine but had the polar functional groups introduced on their surface was also used in adsorption experiments for comparative purposes. The adsorption performance of these two materials was compared and the adsorption mechanism was discussed.
EXPERIMENTAL ANALYSIS 2.1. Chemicals
Quercetin, kaempferol and luteolin were purchased from Guizhou Dida Biological Co. Ltd (Guizhou, China. The structures of these flavonoids are presented in Figure 1 . The PTFE film (thickness, 0.5 mm) was obtained from Hongwei Industrial Materials Plant (Dongguan, China). Sodium, acetone, hydrochloric acid, phosphoric acid, sodium hydroxide and tetrahydrofuran (THF) were of analytical grade and purchased from Tianjin Chemical Reagent Factory (Tianjin, China). Naphthalene (analytical grade) was from Guoyao Group Chemical Reagent Co. Ltd (Shanghai, China). 3-Hydroxytyramine hydrochloride (dopamine hydrochloride) was purchased from Shanghai Experiment Reagent Co. Ltd (Shanghai, China). Tris-(hydroxymethyl) aminomethane (Tris) was from Shanghai Chemical Plant (Shanghai, China). Acetonitrile (highperformance liquid chromatography grade) was obtained from Shandong Yuwang Industrial Co. Ltd. (Yucheng, China). Ultrapure water was obtained with a Spring-R10 water purification system (Research Scientific Instrument Co. Ltd, Xiamen, China). Nitrogen (purity 99%) was supplied by Lanzhou Guolei Kefa Complete Sets of Equipment Co. Ltd (Lanzhou, China).
Apparatus
Chromatographic analysis was performed on an Agilent 1200 Series LC system with a G1311A quaternary pump, a G1328B manual injector, a G1315B DAD detector and Agilent ChemStation software. Chromatographic separations were carried out on a Sinochrom ODS-AP C 18 analytical column (250 mm ¥ 4.6 mm; i.d., 5 μm, Elite, Dalian, China). The mobile phase consisted of 0.2% phosphoric acid in water (A) and acetonitrile (B) with the elution profile as follows: 0-6 minutes, 45-20% B (linear gradient, vol/vol); 6-7.5 minutes, 20-50% B (linear gradient, vol/vol); 7.5-14 minutes, 50% B (equilibration). The flow rate was 1.0 ml minute -1 . The injection volume and detection wavelength were 20 μl and 370 nm, respectively. The temperature was kept at 30 °C for the entire period of the analysis. The pH measurements were performed with a pH meter (model PB-10; Sartorius, Germany). The surface hydrophilicity of the materials was characterized in air at room temperature using a Krüss DSA100 contact angle meter (Hamburg, Germany). The surface morphology of the samples was observed using a field emission scanning electron microscope (JSM-6701F, Japan). The chemical compositions in the near surface of the materials were determined by X-ray photoelectron spectroscopy (XPS; ESCALAB 210, VG Scientific UK). Infrared spectra of the samples were recorded on a Nexus 870 Fourier transform-infrared spectroscopy (FT-IR) spectrophotometer (Nicolet, Waltham, MA, USA). Polytetrafluoroethylene Films 
Processing of Etched PTFE Films
The PTFE film was hydrophilically pre-treated with sodium naphthalene solution. The sodium naphthalene solution was prepared by slowly adding sodium metal (3.45 g, 0.15 mol) to a solution of naphthalene (19.20 g, 0.15 mol) in 150-ml THF under an atmosphere of nitrogen. The mixture was stirred continuously using a magnetic mixer for 2 hours at room temperature. The colour of the solution changed from colourless to dark green during the process. The PTFE film was cut into small pieces of the same size (2.5 cm ¥ 1.0 cm) and washed with acetone in an ultrasonic bath for 10 minutes. Then, 100 pieces of the uniform films were immersed in sodium naphthalene solution for 8 minutes. The films were taken out and washed with acetone and deionized water successively to remove any residual solvent and impurities. The treated PTFE films were dried under ambient conditions for further use.
Dopamine Coating onto Etched and Unetched PTFE Films
Half of the etched PTFE (PTFE E ) films were used for dopamine coating, which involved the following steps: 0.619 g of dopamine hydrochloride was dissolved in 250 ml of 10 mmol l -1 Tris-HCl solution and the final pH was adjusted to 8.5. The concentration of dopamine was 2.0 g l -1 in the solution. A total of 50 pieces of PTFE E films were immersed in the dopamine-Tris buffer solution for 48 hours at room temperature. We made sure none of the pieces overlap with each other during the entire process. The films were then turned over for another round of modification using the newly prepared dopamine solution and the same procedure mentioned earlier was carried out. A thin layer of polydopamine was coated on both sides of the films. Finally, the coated PTFE E (PTFE E-D ) films were taken out and rinsed with ultrapure water and dried at room temperature. To compare the coating effect between etched and unetched PTFE films, the untreated PTFE (PTFE U ) films were coated with dopamine using the same method. The dopamine-coated PTFE U films were marked as PTFE D films.
Preparations of Standard Solutions
Standard stock solutions of quercetin, kaempferol and luteolin were prepared in methanol with a concentration of 200 μg ml -1 and kept in fridge at 4 °C for future use. The standard stocking solutions were diluted eightfold with methanol and the obtained solutions were then diluted fivefold with ultrapure water to prepare the working solutions. The concentration of the working solutions was 5 μg ml -1 for each of the standard substances. The water content of the working solutions was 80%.
Adsorption Assay
The PTFE E and PTFE E-D films were used for adsorption of three flavonoids, namely, quercetin, kaempferol and luteolin. The adsorption process carried out for each material was the same, and involved the following steps: one piece of film (2.5 cm ¥ 1.0 cm) was soaked in 2 ml of working solution for a pre-specified time to allow for adsorption equilibrium to occur between the target analyte and the film at room temperature. After adsorption equilibrium was reached, the film was taken out and washed with ultrapure water to remove the residual solution on the surface. The film was dried at room temperature and desorbed with 2 ml methanol under ultrasonic irradiation for 10 minutes. Approximately 20 μl of the desorption solution was injected into the highperformance liquid chromatography-diode array detector system for analysis.
RESULTS AND DISCUSSION

Processing of Etched PTFE Films
The hydrophilicity of the PTFE film was increased after etching it with sodium naphthalene solution. The water contact angle of the PTFE film was 102.0°, indicating that the surface was hydrophobic. After treatment with sodium naphthalene solution, the water contact angle reduced to 42.0°, indicating that the surface is much more hydrophilic than before. The contact angle images of water drops on the surface of PTFE film before and after treatment for 8 minutes are shown in Figure 2 .
Dopamine Coating onto Etched and Unetched PTFE Films
It is easy to form a polydopamine layer through an oxidation-polymerization process in alkaline Tris buffer solution. To obtain a homogeneous coating on the surface of the films, the two sides of the films were subjected to the same modification procedure and we made sure that none of the films overlapped with each other during the process to avoid disturbance. The formation of polydopamine on the surface of PTFE E films could be observed intuitively as the initial colour (brown) gradually darkened during the deposition process. The formation of polydopamine on the surface of PTFE U films could also be observed as the colour changes from white to brown.
Characterization of PTFE U , PTFE D , PTFE E and PTFE E-D Films
X-ray Photoelectron Spectroscopy Analyses of PTFE U , PTFE D , PTFE E and PTFE E-D Films
XPS was used to determine the changes in chemical compositions of the material surface. As shown in Figure 3 the theoretical O/C of 0.25 for dopamine, which confirms the formation of polydopamine coating on their surface. The N 1s signal of the PTFE E-D film is much stronger than that of the PTFE D film, demonstrating that the hydrophilic surface of the PTFE E film is beneficial to the deposition of polydopamine layer. Therefore, the PTFE E-D film was chosen as the adsorption material instead of the PTFE D film in the following experiment. Liu et al. (2012) reported that it took them 2 months to coat the nano-PTFE particles with dopamine. However, the preparation time for dopamine-coated nano-PTFE particles could be shortened by using the sodium naphthalene treatment as an intermediate step.
Morphologies of PTFE U , PTFE E and PTFE E-D Films
The scanning electron microscopy microphotographs of the PTFE U , PTFE E and PTFE E-D films at high and low magnifications are shown in Figure 4 . The surface of PTFE U film is quite smooth [Figures 4(a and d) ], whereas that of the PTFE E film is rather rough and exhibits some fissures 
Fourier Transform-Infrared Spectroscopy Results of PTFE U and PTFE E-D Films
The FT-IR technique was used to further identify the functional groups, which were introduced by the sodium naphthalene treatment. The infrared absorption spectrum of the PTFE U film was directly measured using the FT-IR spectrometer, whereas that of the PTFE E film cannot be measured directly because the modified layer formed during the etching process was too thin to reach the detection limit of the instrument. The modified layer was scraped off from the film. The scrap (i.e. the modified layer) was used for determination. As shown in Figure 5 , there are more absorption peaks of the PTFE E film than that of the PTFE U film. The small absorption band at the wavenumber of 1700 cm -1 can be attributed to the stretching mode of carbonyl groups. The absorption band at the wavenumber of 1300-1500 cm -1 can be ascribed to the stretching mode of C=C double bonds (Gabriel et al. 2011) . The broad absorption band appearing at 3450 cm -1 is ascribed to the stretching mode of hydroxyl groups. The weak absorption band at 760 cm -1 can be attributed to the wagging mode of hydroxyl groups of carboxyl dimers (Lang et al. 2005) . In summary, sodium naphthalene treatment leads to the breakdown of C-F bonds and formation of C=C double bonds, -OH, C=O and -COOH. The IR spectrum for the PTFE E-D film was not obtained, not only because the polydopamine layer was too thin, and thus could not be detected by the instrument, but also because the absorption of the etched layer will disturb the measurement of the coated layer even if the polydopamine was scrapped off for determination. Zhang et al. (2011) have successfully modified the surface of PTFE micropowders with polydopamine layer. The authors also obtained the IR spectrum of the coated PTFE 494 G. Wang et al./Adsorption Science & Technology Vol. 33 No. 5 2015 micropowder, which can be used as a reference for our experiment. The spectrum shows broad bands at 1620 and 3420 cm -1 , which are ascribed to the aromatic rings and catechol -OH groups of polydopamine.
Adsorption Assay
Solvent Selection of Analytes
The analytes are much more liable to dissolve in methanol than in water; however, methanol is an over-strong solvent for this experiment, as the materials cannot adsorb the analytes owing to the strong interaction between methanol and the analytes. Most of the adsorption experiments were carried out in aqueous solution (Bulut and Aydın 2006; Gökmen and Serpen 2002; Yang et al. 2007 ), but the solubility of the three analytes is very low in water. Therefore, we used methanol-water mixture as the solvent. The experimental results indicate that as the content of water in solvent increases, the solubility of the analytes decreases while the adsorption capacity of the materials for the analytes improves. Taking the two factors into account, the water content of the solvent was set as 80%.
Effect of Adsorption Time
The effect of adsorption time was evaluated using the peak area of desorption solution. The pH of the sample solutions was not adjusted. Figure 6 shows the relationship between adsorption time and adsorption amount. It can be seen that the adsorption equilibrium was reached in 3.5 hours for each analyte on both materials. Therefore, 3.5 hours was chosen as the optimal adsorption time in the following experiments.
Effect of pH
To assess the effect of solution pH on the adsorption of analytes onto PTFE E and PTFE E-D films, the pH was adjusted from 3 to 8. As can be seen in Figure 7 , the adsorption amount of the target analytes increases with the decrease of pH from 8 to 3. It can be inferred that hydrophobic interaction is a main driving force for the adsorption of the analytes. When the pH decreases, the analytes are more inclined to exist in a molecular form and their hydrophobicity increases, which causes an increase in the amount adsorbed.
Analysis of the Adsorption Mechanism
The analytical performance and adsorption capacity of PTFE E and PTFE E-D films are presented in Table 2 . It can be seen that the adsorption capacity of the PTFE E film is higher than that of the PTFE E-D film for all analytes. It can be inferred that there is a hydrogen-bonding interaction between the target molecules and the adsorption materials besides hydrophobic interaction. Flavonoid is rich in hydroxyl groups, which can form hydrogen bond with some of the functional groups of the adsorption material. The functional groups that were introduced on the surface of the PTFE E film are carboxyl and hydroxyl groups, whereas the functional groups on the surface of the PTFE E-D film are only hydroxyl groups. Carboxyl is more inclined to form hydrogen bonding than hydroxyl, and therefore, the adsorption capacity of the PTFE E film is higher than that of the PTFE E-D film.
The adsorption capacity of the two adsorption materials for the three analytes has the same order, which is as follows: quercetin > kaempferol > luteolin. It can be deduced that there are two factors that affect the adsorption of these analytes on the PTFE materials. One factor is the number of hydroxyl groups in the analytes. Quercetin has five hydroxyl groups, whereas both kaempferol and luteolin have four hydroxyl groups. As the adsorption capacity increases with the increase of the number of hydroxyl groups, the adsorption capacity for quercetin is higher than that for kaempferol and luteolin. The other factor is the ability of these analytes to form an intramolecular hydrogen bond. For kaempferol, the 3Ј-hydroxyl can form an intramolecular hydrogen bond with 4Ј-carbonyl, leaving three hydroxyls (4Ј, 5Ј and 7Ј hydroxyl) to interact with the adsorption material. However, for luteolin, the 3Ј-hydroxyl can form an intramolecular hydrogen bond with 4Ј-hydroxyl, leaving only two free hydroxyls (5Ј and 7Ј hydroxyl) to interact with the adsorption material. Owing to these reasons, the adsorption capacity of the adsorbents for kaempferol is higher than that of luteolin.
CONCLUSION
In this paper, the chemically inert PTFE was modified with different methods to obtain novel adsorption materials. An effective method for dopamine coating onto the PTFE film was developed. The PTFE film was first treated with sodium naphthalene solution and then modified by dopamine. The large number of polar groups that are introduced by sodium naphthalene solution enhanced the hydrophilicity of PTFE film, which is beneficial for the deposition of the polydopamine layer. The PTFE E and PTFE E-D films were used for adsorption of three flavonoids and the adsorption mechanism was discussed. The adsorption capacity of PTFE E film is higher than that of PTFE E-D film. The ability of the material to form hydrogen bond with the analytes is the main factor that affects the adsorption capacity. The order of adsorption capacity for the analytes is quercetin > kaempferol > luteolin. The number of hydroxyl groups of the analytes and the ability of the analytes to form intramolecular hydrogen bond are the two factors that affect the adsorption capacity of these adsorbents. Given the good adsorption property of the materials, these materials may have the potential for use in sample pre-treatment, chromatographic separation and other related technologies.
